We studied the viability of high-performance liquid chromatography and mass spectrometry (LC/ MS) as a selective and sensitive analytical method for measuring blood concentrations of the local anesthetic ropivacaine. Ropivacaine was effectively separated using a reverse-phase column and monitored at 275 m/z ion. The LC/MS method allowed measurement of concentrations of ropivacaine of lower than 75 ng/mL. The standard curve was linear and in the range of < 1.5 μg/mL. Recovery of ropivacaine in plasma samples was over 90% after precipitation of plasma protein with trichloroacetic acid. The method was tested on the pharmacokinetics of plasma ropivacaine after single intravenous or subcutaneous administration in rabbits. The pharmacokinetic parameters showed a one-compartment model and a mean elimination half-life of 0.54 ± 0.05 h and 2.83 ± 0.51 h after administration at doses of 0.4 mg/kg, i.v. and 5 mg/kg, s.c., respectively. These values were in approximate agreement with previously obtained results in dogs. The results of the present study demonstrated that the LC/MS method was highly selective and sensitive for the measurement of ropivacaine, indicating that it offers a useful tool for monitoring the therapeutic effects and determining the pharmacokinetic parameters of this drug in blood.
Ropivacaine hydrochloride hydrate (Anapeine ® ; Fig. 1 ) is a long-acting amide-type local anesthetic formulated as a pure optical s(-)-enantiomer of 1-propyl-2',6'-pipecoloxylidide (12) . Ropivacaine is indicated for peripheral nerve block and analgesia. It is less toxic to the cardiac system than other anesthetics due to its lower affinity to cardiac sodium channels (2, 5) . In addition, it can selectively block sensory fibers, reducing blockage of motor fibers. These advantages are reflected in its popularity as a safe option as a local anesthetic for clinical use. Higher doses of some local anesthetics have the potential to cause excitation of the central nervous system (CNS), resulting in restlessness and tremor, which may progress to clonic convulsions (5) . These adverse effects are directly related to the concentration of the drug in systemic circulation. Excitation of the CNS may be followed by depression and respiratory failure, sometimes leading to death. These effects on the CNS are presumed to result from selective depression of inhibitory neurons and subsequent enhancement of the effect of excitatory neurons (19) . A number of studies on the functional role of neurotransmitters in local anesthetic-induced convulsions have noted depression of neuronal activity (1, 6, (14) (15) (16) (17) 20) Laboratory studies on the toxicity of ropivacaine to the CNS in dogs noted that average dose and plasma concentration of ropivacaine at convulsive onset were 4.88 ± 0.47 mg/kg and 11.4 ± 0.9 μg/mL, animals were treated within the Guidelines for the Treatment of Experimental Animals approved by The Japanese Pharmacological Society and Tokyo Dental College.
LC/MS analysis. High performance liquid chromatography was carried out using the Hitachi L-7100 (Hitachi, Tokyo, Japan). Separation of ropivacaine was achieved using a reverse-phase column, Chemcosorb 7-ODS-H (internal diameter, 250 × 4.6 mm; Chemco Co., Osaka, Japan), protected by a precolumn (internal diameter, 10 × 4.6 mm; Eicom Co., Kyoto, Japan) containing AC-ODS. Injection volume was set to 5 μL. The mobile phase consisted of a mixture of acetonitrile and 10 mM ammonium acetate (95 : 5, v/v), with a flow rate of 0.3 mL/min. Column temperature was maintained at 30°C. Mass spectrometry was carried out using the Hitachi M-8000 LC/3DQMS (Hitachi, Tokyo, Japan) equipped with a sonic spray interface (SSI) and operated in the positive ion mode. The MS parameters were as follows: drift volume, 50 V; focus volume, 30 V; ion source temperature, 150°C; drying gas temperature, 250°C; and nitrogen gas flow pressure, 350 KPa. Measurement was carried out in the selected ion monitoring mode and the m/z value of the positive ion of ropivacaine was 275.
Ropivacaine administration and blood sampling in rabbits. Ropivacaine was administered via the auricular vein or subcutaneous neck tissue at doses of 0.4 mg/kg, i.v. and 5 mg/kg, s.c., respectively. Blood samples were collected via the auricular vein in heparinized tubes at predetermined times after administration of ropivacaine and plasma was obtained by centrifugation at 1,000 × g for 10 min. In a similar manner, drug-free plasma samples were prepared for the recovery study of standard ropivacaine in plasma with TCA. Samples were stored at −80°C until analysis, which was performed within 2 days of each experiment. Plasma sample (200 μL) was mixed with 16.6 μL of 30% TCA, kept for 1 h and centrifuged for 10 min at 10,500 × g to remove precipitated protein. All procedures were performed at 4°C. Resulting supernatant was immediately filtered with a 0.45-μm filter (Millipore, MA, USA) and subjected to the LC/MS method for measurement of ropivacaine. Plasma ropivacaine concentration was determined from the standard curve and corrected by the recovery ratio of ropivacaine in the presence of TCA. Experiments were usually performed from 10 : 00 am to avoid circadian variations in drug metabolizing factors.
respectively (8) . This indicates that, for safe clinical use, the blood concentration of ropivacaine should be kept below 10.0 μg/mL. When ropivacaine is continuously used as a peripheral nerve block for postoperative analgesia (7), it is necessary to monitor blood ropivacaine concentration to prevent toxicity to the CNS. Accurate measurement of blood ropivacaine concentration would allow prediction of alterations in CNS activity. Several chromatographic assays have been described for determination of plasma concentration of local anesthetics (10, 13) . However, a satisfactory method of measuring lower concentrations of ropivacaine remains to be established. In the present study, we investigated the selectivity and sensitivity of a method for measuring blood ropivacaine concentration using high-performance liquid chromatography and mass spectrometry (LC/MS).
MATERIALS AND METHODS
Chemicals. Ropivacaine hydrochloride hydrate (Anapeine ® injection) was purchased from AstraZeneca K.K. (Osaka, Japan). Trichloroacetic acid (TCA), ammonium acetate and acetonitrile were purchased from Wako Pure Chemical Industries (Osaka, Japan). All other reagents used were of high analytical grade. The working solutions of ropivacaine for the basic analysis and the standard curve were prepared by dilution with distilled water.
Animals. Male Japanese White Rabbits weighing 3.35 to 3.5 kg each were obtained from Japan SLC, Inc. (Hamamatsu, Japan). All animals were housed in an air-conditioned room (temperature: 21 ± 2°C; humidity: 55 ± 10%) under a 12-h light/dark cycle (lights on between 6 : 00 am and 6 : 00 pm) and maintained on commercial laboratory chow and water for at least one week before being used. All concentration of ropivacaine at 0.075 μg/mL was detected with strong intensity in the mass spectrum. This response was linked to ropivacaine concentration. The standard curve was linear and in the range of < 1.5 μg/mL (Fig. 3) .
Pharmacokinetics of ropivacaine
We investigated the pharmacokinetics of ropivacaine using the LC/MS method described here. We first studied recovery of ropivacaine after precipitation of plasma protein with TCA. A recovery study was performed in the ropivacaine-free plasma samples with known amounts of the standard drug and TCA ( Table 1 ). The assay revealed a decrease in recovery with increase in concentration of TCA. However, recovery was found to be over 90% in 2.3% TCA.
RESULTS

Measurement of ropivacaine by LC/MS
When pure ropivacaine was injected into the LC/MS system, it was eluted after approximately 16 min under ultraviolet detection at 200 nm ( Fig. 2A) . Furthermore, when the mass chromatogram was monitored at 275 ([M+H] + ) m/z ion for ropivacaine, a single maximal peak was observed at the same retention time (Fig. 2B) . This intensity peak was in fair agreement with the mass spectrum for ropivacaine (Fig. 2C) . However, no detection was observed with the LC system with a diode array detector (data not shown). These results show that ropivacaine was effectively separated using the reverse-phase column and selectively detected by the mass chromatogram/ spectrum.
Ropivacaine concentration and intensity of mass spectrum
When the injection volume was set to 5 μL, a low 6.9 68.6 ± 10.9
Total volume of 400 μL containing 200 μL rabbit plasma, 30% TCA, and ropivacaine (1.5 μg/mL) was kept on ice for 1 h and centrifuged at 10,500 × g for 10 min at 4°C. After passing through 0.45-μm filter, 5 μL resulting supernatant was injected into LC/MS system. Results indicate percentage of value obtained with TCA, with no-addition condition taken as 100%. Data represent mean ± S.D. of 4-6 samples.
mL after 90 min administration. Mean elimination half-life of ropivacaine was 2.83 ± 0.51 h (Fig. 5B) 
DISCUSSION
Ropivacaine hydrochloride hydrate (Anapeine ® ) is widely used as a local anesthetic due to its lower toxicity to the CNS and the cardiac system than bupivacaine (4, 5, 18) . However, when ropivacaine is used as continuous peripheral nerve block for postoperative analgesia such as in the form of epidural infusion, the monitoring of blood ropivacaine concentration is essential in preventing toxicity to the Therefore, a 2.3% concentration of TCA was used in the subsequent experiment. After 15 min i.v. administration of ropivacaine at a dose of 0.4 mg/kg, which did not induce CNS toxicity, the plasma concentration of ropivacaine averaged 2.17 ± 0.18 μg/ mL (Fig. 4A) . The pharmacokinetic parameters for ropivacaine showed a one-compartment model and a mean elimination half-life of 0.54 ± 0.05 h (Fig. 4B) . On the other hand, the plasma concentrations of ropivacaine after s.c. administration at a dose of 5 mg/kg showed biphasic displacement of absorption and elimination (Fig. 5A) . Maximum plasma concentrations of ropivacaine averaged 0.69 ± 0.08 μg/ CNS. In this study, we investigated a selective and sensitive method for measuring blood ropivacaine concentration using an LC/MS system. We found that ropivacaine was effectively separated using a reverse-phase column and a mobile phase consisting of acetonitrile and ammonium acetate. Ropivacaine was selectively detected by monitoring positive ion of ropivacaine at an m/z value of 275 (Fig. 2) . Furthermore, when injection volume was set to 5 μL, we detected a low concentration of ropivacaine at 75 ng/mL with strong intensity. We also found that the intensity of the mass spectrum for ropivacaine correlated proportionately with concentration and that the standard curve was linear and in the range of < 1.5 μg/mL (Fig. 3) . This result clearly demonstrates that the described LC/ MS method is highly sensitive for the measurement of ropivacaine and can be utilized for measuring the drug at low concentrations. It also suggests that it is possible to measure concentrations of ropivacaine of below 75 ng/mL when the injection volume is set to > 5 μL. We further examined the specificity of this method for the measurement of blood ropivacaine in rabbits. Since the amount of an unbound drug influences its pharmacological effect, knowledge of the unbound fraction may have significant pharmacodynamic implications (11) . Ropivacaine is mainly bound to α 1 -acid glycoprotein in plasma protein (9) . Measurement of recovery of ropivacaine after precipitation of plasma proteins with TCA revealed that recovery was over 90% in 2.3% TCA (Table 1 ). This result shows that the LC/MS method can accurately measure free ropivacaine in plasma samples. The pharmacokinetic parameters for ropivacaine showed a one-compartment model after i.v. or s.c. administration in rabbits (Figs. 4 and 5) . The mean elimination half-life of ropivacaine after i.v. administration was 0.54 ± 0.05 h. This was approximately in agreement with previous results obtained in dogs using gas chromatography and flame-ionization detector, in which the elimination half-life of ropivacaine averaged 25.9 ± 1.7 min (3). This result indicates that the LC/MS method offers a viable tool for the pharmacokinetic study of ropivacaine. It is clear that the LC/MS system is suitable for the analysis of chemical compounds (10) . We think that the LC/MS method described here is also applicable to the measurement of other amide-type local anesthetics such as bupivacaine or lidocaine. Further study is necessary to establish the LC/MS system for their measurement in more selectivity.
In conclusion, the results of this study demonstrated that the LC/MS method was highly selective and sensitive for the measurement of ropivacaine, indicating that it offers a useful tool for monitoring the therapeutic effects and determining the pharmacokinetic parameters of this drug in blood.
